• Blood coagulation measurement during contact with an artificial surface leads to unreliable data.
• Blood coagulation measurement during contact with an artificial surface leads to unreliable data.
• Acoustic tweezing thromboelastometry is a novel noncontact method for coagulation monitoring.
• This method detects differences in the blood coagulation state within 10 min.
• Coagulation data were obtained using a much smaller sample volume (4 lL) than currently used.
Summary. Background: Thromboelastography is widely used as a tool to assess the coagulation status of critical care patients. It allows observation of changes in material properties of whole blood, beginning with early stages of clot formation and ending with clot lysis. However, the contact activation of the coagulation cascade at surfaces of thromboelastographic systems leads to inherent variability and unreliability in predicting bleeding or thrombosis risks. Objectives: To develop acoustic tweezing thromboelastometry as a non-contact method for perioperative assessment of blood coagulation. Methods: Acoustic tweezing is used to levitate microliter drops of biopolymer and human blood samples. By quasi-statically changing the acoustic pressure we control the sample drop location and deformation. Sample size, deformation and location are determined by digital imaging at each pressure. Results: Simple Newtonian liquid solutions maintain a constant, reversible location vs. deformation curve. In contrast, the location/deformation curves for gelatin, alginate, whole blood and blood plasma uniquely change as the samples solidify. Increasing elasticity causes the sample to deform less, leading to steeper stress/strain curves. By
Introduction
The depletion of both pro-and anticoagulants and other alterations in the coagulation system, known generically as coagulopathy, often develop as a result of: a significant blood loss during trauma, major surgery or post-partum hemorrhage; extracorporeal blood flow during cardiopulmonary bypass or hemodialysis; or disseminated intravascular coagulation caused by systemic activation of the coagulation system in sepsis and cancer. Coagulopathic patients are at high risk of both bleeding and thrombotic complications and require perioperative monitoring of their coagulation status. Plasma coagulation assays (e.g. prothrombin time [PT] and activated partial thromboplastin time [APTT] ), are a standard way to monitor for coagulation disorders. However, they have low predictive power in patients with coagulopathy [1] . In this situation, the use of whole-blood coagulation tests becomes important. Contact 'pin-and-cup' methods such as thromboelastography (TEG), rotational thromboelastometry (ROTEM) and Sonoclot are currently available to measure the coagulation status of whole blood [2] [3] [4] . These methods measure temporal changes in the shear force between a disposable cup containing a 0.3-0.4 mL sample of whole blood and a pin immersed in the blood sample. Intrinsic pathway activators such as kaolin or ellagic acid are required to initiate coagulation using this approach. The 'pin-and-cup' techniques accurately diagnose hyperfibrinolysis and are helpful but not reliable tools in screening for hypercoagulable states and transfusion guidance [5] . However, the contact of a blood sample with the pin and cup surfaces creates artificial conditions for blood coagulation, leading to substantial differences from the dynamics of hemostasis in the body. This inherent deficiency is an important reason for the poor standardization and high variability of these methods [6] , their inability to determine disorders of primary hemostasis [7] , their unreliability in detection of impaired platelet function [8] and prediction of bleeding after major surgery [9] , and a strong effect of heparin flush on thromboelastographic parameters leading to the necessity of discarding a large volume of blood before measurement [10] . Even with intrinsic pathway activators present, the coagulation process occurring in 'pin-and-cup' devices remains slow. A significant amount of time (30-60 min) is required to obtain the results needed for diagnosis unless the extrinsic pathway activators (e.g. tissue factor) are used [3, 11] or the disease state can be detected using only early parameters such as reaction and kinetic times.
Employing a container less (air-contact) processing technique would eliminate the problems alluded to above. Ultrasonic acoustic levitation has been widely utilized for processing of container less materials [12] [13] [14] [15] [16] [17] [18] . Its low interference with samples and relative simplicity, along with its ability to quasi-statically or dynamically deform the sample with no contact, make it a desirable candidate for rheological applications [14] [15] [16] 19] . In the present study the quasi-static technique, referred to as 'quasi-static acoustic tweezing thromboelastometry' (QATT), is employed to measure rheology of biological gels and human blood.
Materials and methods

Reagents and solutions
In the proof-of-concept experiments, three gel mixtures were used: 2 000 000-MW dextran from Leuconostoc spp. (Sigma-Aldrich, St. Louis, MO, USA), 300-bloom gelatin from porcine skin (Sigma-Aldrich), and sodium alginate (Sigma-Aldrich). Gel solutions were prepared by hydrating dextran, gelatin or sodium alginate in a small amount of distilled water for 10 min, then adding boiling distilled water to achieve the desired concentration. Calcium carbonate CaCO 3 (Sigma-Aldrich) in combination with 6% (w/w) D-(+)-Gluconic acid d-lactone (GDL, SigmaAldrich) was used as a source of calcium ions to initiate gelation of sodium alginate. The molar ratio of a basic calcium ion to carboxyl was kept at 0.36. The sodium alginate solution was mixed and vortexed with the CaCO 3 suspension for 1 min. A fresh aqueous GDL solution was then added to the resulting mixture to initiate gelation.
In the whole blood studies, cytochalasin D (SigmaAldrich) dissolved in phosphate-buffered saline (PBS, Thermo Fisher Scientific, Waltham, MA, USA) was used as an antiplatelet agent. Cytochalasin D inhibits platelet function by blocking polymerization of actin filaments. It is used in ROTEM to measure the functional level of fibrinogen and diagnose fibrin/fibrinogen deficiency [20] . Recombinant human tissue factor (TF, R&D Systems, Minneapolis, MN, USA) in PBS was used as a procoagulant. In the blood plasma studies, human fibrinogen (Enzyme Research Laboratories, South Bend, IN, USA) and Gly-Pro-Arg-Pro (GPRP, Sigma-Aldrich), both dissolved in PBS, were used as pro-and antithrombotic agents, respectively.
Preparation of blood samples
Whole blood samples were collected from 30 healthy male and female volunteers with age ranging from 22 to 39 years using protocol 520566-13 approved by the Institutional Review Board of Tulane University. Each volunteer donated 29.9 mL blood, which was transferred into vacutainer tubes (BD, Franklin Lakes, NY, USA) containing sodium citrate (blue cap, one 4.5-mL tube and two 2.7-mL tubes), EDTA (pink cap, three 6-mL tubes) or K2EDTA (purple cap, one 2.0-mL tube). One blue-cap and one purple-cap tube were used for standard coagulation tests (PT, international normalized ratio [INR] , APTT, fibrinogen and platelet concentration) conducted at the Coagulation Laboratory of Tulane University Hospital. The remaining tubes were used in acoustic tweezing experiments.
For half of the experiments no pretreatment to initiate coagulation of the collected blood (whether citrated or EDTA-treated) was carried out. For the remaining experiments, 180 lL of citrated-or EDTA-treated blood was mixed with 20 lL of 0.2 M calcium chloride CaCl 2 (Sigma-Aldrich) within 4 h of blood collection to start the coagulation cascade. To test the effect of coagulation activators or antiplatelet agents, 16 EDTA-treated blood samples were mixed, respectively, with TF (eight samples) or cytochalasin D (eight samples) 10 min before the sample re-calcification. The final concentration of TF and cytochalasin D in blood was 13 pg mL À1 and 7.6 lg mL À1 , respectively. Immediately after pretreatment, a 4-lL drop was deployed into the tweezing apparatus to begin the deformation experiment. This process was repeated until the desired number of experiments was performed. Commercial factor assay control plasma (FACT), which is citrated blood plasma pooled from 30 or more normal human donors, was purchased from George King BioMedical (Overland Park, KS, USA); 300 lL aliquots of FACT were stored at À80°C. To initiate coagulation, the aliquots were thawed in a 37°C water bath and then mixed with 0.2 M CaCl 2 (22.5 lL of FACT per 2.5 lL CaCl 2 ) immediately before tweezing. To determine the effect of pro-or antithrombotic agents on plasma coagulation, FACT samples were mixed with fibrinogen or GPRP 10 min before the re-calcification procedure. The final concentration of fibrinogen in plasma, accounting for the intrinsic concentration of fibrinogen (269 mg dL À1 ), was 610 mg dL À1 . Note that the normal range for fibrinogen concentration is 150-400 mg dL À1 [21] . The GPRP concentration was 340 mg dL À1 (8 mM).
Acoustic tweezing apparatus and quasi-static technique
The apparatus for acoustic tweezing, also known as an acoustic levitator, was custom fabricated. Figure 1 (A) shows a schematic of the electrical and mechanical systems used to levitate samples. The transducer consists of two 3.175-mm-thick piezoelectric discs (Channel Industries, Santa Barbara, CA, USA) and aluminum bottom mass and horn. The working frequency of the transducer is nominally 30 kHz, requiring slight retuning to compensate for temperature shifts. The transducer and the reflector (an aluminum cylinder) were mounted either a full or half wavelength apart, and the assembly could be optionally inserted into a custom fabricated and sealed environmental chamber for pressure, temperature and humidity control or a 3-D positioning system custom built using parts bought from Thorlabs (Newton, NJ, USA). The 30-kHz sinusoidal input signal was generated by a function synthesizer (Agilent 33220A, Santa Clara, CA, USA) and amplified (Krohn-Hite 7500, Brockton, MA, USA) before being sent to the transducer; the resulting vibration creates an acoustic standing wave in the air gap between the transducer and the reflector.
QATT focuses on the deformed shapes that samples take when subjected to an acoustic pressure varying slowly enough to maintain mechanical equilibrium. In a typical experiment, a sample drop is levitated and the simultaneous vertical location and drop shape deformation (aspect ratio) are obtained via imaging. The technique relies on the fact that, as the acoustic pressure amplitude changes (pressure sweep) but remains relatively low, the location and aspect ratio of a sample drop are uniquely determined by its material properties and size. The pressure sweep is completed in 30 s or less, which is much shorter than blood clotting time. When the pressure amplitude is low, the gravity-controlled limit is reached at which the drop location changes appreciably. In this limit, the location is a measure of the acoustic stress applied to the drop to lift it, whereas the aspect ratio is a measure of the strain resulting from the applied acoustic stress. Therefore, within this limit, a location vs. aspect ratio curve represents an effective stress/strain curve for a given material.
Experimental procedure
Samples (4 lL nominally) were deployed manually into a node of the standing wave using a gastight 100-lL glass syringe (Hamilton 7656, Reno, NV, USA) with a polytetrafluoroethylene-coated stainless steel blunt-tipped needle (Hamilton 8646). Every experiment began with tuning the transducer to near resonance and then injecting a sample into a standing wave node. Sample deformation was induced by varying the standing wave pressure amplitude. This was accomplished either by varying the amplifier input voltage at a fixed frequency, or by varying the frequency at a fixed voltage input. Sample images were obtained by a Retiga 1300 digital camera (QImaging, Surrey, Canada) or an acA1920-25um camera (Basler, Ahrensburg, Germany) at regular intervals. The spatial resolution of the images was 0.012 mm. Figure 1(B) shows typical shapes of a whole blood sample during an acoustic tweezing experiment. As seen in this figure, an increase in the deformation of the sample correlates with an increase in its vertical position.
Quantification of drop size, deformation and location
Location and shape deformation of tweezing samples were obtained by analyzing the image sequences using a custom program written in MATLAB (Mathworks, Natick, MA), which relied on the MATLAB image processing toolbox. The analysis began with edge detection using a modified Canny method [22] . The 'blob analysis' tools within MATLAB were then used to find the centroid of the drop and quantify deformation as an aspect ratio (width b/ height a, cf. Fig. 1B ). Location was measured as a vertical distance from the sample centroid to a fixed location on the apparatus. Slopes of the initial portion of location vs. aspect ratio curves were obtained by linear regression and quantified by calculating the angle of inclination to the horizontal (aspect ratio) axis. Hence, for a line of slope m, we refer to an angle h = arctan(m). For convenience, we refer to the slope angle vs. time curves (Figs 3D, 5 , 6A, 7A) as 'tweezographs'. Some of the tweezographs (Fig. 7A) have been normalized based on h 0 , the slope angle at time 0.
Statistical analysis
Twenty-five volunteers' data were analyzed for the results reported in Figs 1, 5 and 6. Twelve to fifteen volunteers' blood samples were subject to TF and cytochalasin D, as reported in Fig. 6 . The results were evaluated with t-test and ANOVA using GraphPad Prism version 5.0.2 (GraphPad Software, La Jolla, CA, USA). The statistical data were presented as mean AE standard error of the mean (SEM). Statistically significant differences were set at P < 0.05 (95% confidence).
Results
Newtonian fluids
Generally, for viscoelastic fluids such as human blood, the sample's drop shape is a function of bulk viscosity and elasticity. These two properties have different time profiles during coagulation, potentially complicating the analysis and interpretation of raw measurement data. Blood coagulation is associated with an increase in blood elasticity (firmness), but its effect on blood viscosity is less clear and most likely transient. Thus, for coagulation analysis, it is desirable to have an elastometric technique, which is highly sensitive to changes in blood elasticity but not blood viscosity. To test whether QATT satisfies this requirement, we first conducted experiments with a dextran-in-water solution. This solution is a non-reacting Newtonian fluid [23] in which the bulk viscosity increases with polymer concentration, the bulk elasticity is zero and the restoring force for deformation is just the surface tension. As seen in Fig. 2(A) , the aspect ratio vs. location curves of 5% dextran solution remain constant and reversible during 10 min of acoustic tweezing. The solution concentration has a negligible effect on the curves (Fig. 2B) , indicating that QATT is insensitive to changes in bulk viscosity.
A very different behavior is seen when the material under study undergoes a state change from a liquid to a solid. When gelatin or alginate are diluted in water, they form hydrogels characterized by much higher bulk elasticity than the initial solutions of these polymers. The location vs. aspect ratio curves plotted in Fig. 3 demonstrate that QATT is sensitive to changes in bulk elasticity occurring during gelation of these materials. For both gelatin and alginate, the sample location increases approximately linearly with aspect ratio until breaching the gravitycontrolled limit. Beyond this limit, the drop deforms more readily without much changes in its location. In the linear regime, the slope of the location vs. aspect ratio curve for gelatin increases with time until 13 min later, when the sample is fully gelled (Fig. 3A) . Figure 3(B) shows the concentration dependence of gelatin drops at 2 min into an experiment, when they are partially gelled. The slope in the linear region of the location vs. aspect ratio curves increases with increasing gelatin concentration. Alginate, in contrast to porcine gelatin, will not gel without exposure to calcium ions. Thus, it behaves similar to citrated or EDTA-treated blood, which do not coagulate until exposure to calcium ions (re-calcification). Figure 3(C) shows the location vs. aspect ratio curves for alginate at selected times up to 34 min after initiation of gelation by a GDL solution. The linear response region is restricted to the data in the bounding box in the lower left corner of Fig. 3(C) . After performing linear regression on the data in the box, where the location is well within the gravity-controlled limit, we obtained the 'tweezograph' (Fig. 3D) , which plots the linear slope angle h vs. time. From the tweezograph we can clearly detect changes in gel firmness, as quantified by angle h, because of an increase in polymer concentration. Additionally, we see that the firmness dramatically increases for 4% alginate at about 4 min after the alginate drop injection into the acoustic tweezing device. After about 14 min, h begins to level off with increasing time, indicating the approach to the fully gelled state. We identify these three distinct regions as Stage I (initial gelation or coagulation), Stage II (rapid gelation or coagulation) and Stage III (convergence to fully gelled or coagulated) in Fig. 3(D) to facilitate our discussion below. Taken together, Fig. 3 confirms that we may take h as a measure of the sample firmness, and the method itself is capable of measuring time-dependent changes in the firmness of reacting samples. The 'tweezograph' of the time dependence of h displays three distinct stages of clotting kinetics. . Figure 4 shows the typical aspect ratio vs. location curves for all whole blood samples. As with alginate, for short times (< 20 min) the firmness increases with time, but the drops return to the same initial deformation and location. After 20 min, the coagulated drops return to a permanently deformed state at the lowest location. As the cyclic loading and unloading process continues this permanent deformation itself continues to increase with time. Figure 5 shows the tweezographs for citrated acid (A) and EDTA (B) treated groups. Remarkably, all the curves (except EDTA without CaCl 2 in Fig. 5B) show the same general features as the results for gelatin and alginate already shown in Fig. 3 (Fig. 5B ) exhibit a prolonged Stage I slow growth in firmness. These data were only shown up to 14 min, because many of these more slowly coagulating samples developed a 'scab' on the surface after 14 min. Although scab formation is a natural outcome, and our method is certainly capable of detecting its formation, its presence only in the EDTA without CaCl 2 group makes comparison with samples without scab formation difficult. Figure 6 illustrates the effect of TF and cytochalasin D on whole-blood coagulation in the tweezing device. Samples treated with TF are immediately stiffer (TF: initial h = 57.3 AE 1.63°, untreated: 52.32 AE 1.64°in Fig. 6A ) and, because they show almost immediate Stage II rapid growth in firmness and continue to be stiffer than the untreated group throughout the untreated group's Stage I and II coagulation, as seen in Fig. 6(B) . On the other hand, samples treated with cytochalasin D (Fig. 6C) Blood plasma samples show a similar three-phase coagulation process in their tweezographs (Fig. 7) . As seen in Fig. 7(A) , high fibrinogen plasma produces much stiffer clots (h/h 0 = 1.10) than FACT (h/h 0 = 1.05) or GPRPtreated plasma (h/h 0 = 1.02). According to Fig. 7(B) , a significant difference in clot firmness between high fibrinogen plasma and FACT was already observed at 5 min of sample tweezing (FACT, h/h 0 = 1.02 AE 0.002; high fibrinogen, 1.04 AE 0.01), whereas GPRP-treated plasma showed a significant decrease in clot firmness as compared with FACT, starting at 7 min (FACT, 1.03 AE 0.002; GPRP, 1.02 AE 0.003). Using FACT samples from the same batch, we observed that the coefficient of variation (CV) for 12-min QATT coagulation (h/h 0 ) measurement ranged from 0.4% to 0.8%.
Discussion
In this paper, we report the development of an acoustic tweezing technique for acquiring soft biological material properties, and its initial application to gels and blood. The tweezograph analysis introduced in Figs 3 and 5 illustrates the ability of our technique to detect timedependent changes in elasticity of soft materials as they undergo solidification or in blood as it undergoes coagulation. The results establish that h, the quantitative measure in the tweezograph, is robust and sensitive to the changes characteristic of such processes. When applied to whole blood (Fig. 6 ) or blood plasma (Fig. 7) , our method can distinguish between normal, hyper and hypocoagulable states in less than 10 min. The coagulation status of whole blood in coagulopathic patients and patients requiring blood product administration is routinely assessed by thromboelastographic tests. In these techniques, a cuvette with blood and a suspended pin are forced into oscillatory rotation (TEG, ROTEM) or translation (Sonoclot) relative to each other. The clot that forms induces changes in the motion of the pin or cuvette, and the amplitude of the motion is plotted vs. time for both clot formation and lysis [2] . As an example, in TEG, the envelope of the peak amplitude forms a rising sigmoidal curve (the 'trace'). The trace is initially zero when no fibrin links the pin and cup: the time from beginning of a TEG experiment to the first non-zero trace is called the 'Reaction time' or 'R time', which is a measure of the time to form a fibrin network between cup and pin, typically 5-10 min when no data are obtained from TEG. The apparent amplitude at long times ('MA' in TEG) is a measure of firmness, and the rise to MA is characterized by its angle with the horizontal time axis ('angle a' in TEG) at a chosen value (22 mm in TEG) of the induced amplitude. The time to achieve this 22-mm amplitude after the R time is reached is called the 'Kinetic time' or 'K time' in TEG, typically 1-3 min. It is useful to compare our method and results with thromboelastographic tests. Our tweezograph is analogous to the trace in TEG. Because our sample size is so small, 4 lL compared with 360 lL in TEG, the R time in our method is shorter than our first measurement, as indicated by Figs 5, 6 and 7. Short R times (80-140 s) can only be achieved in TEG using additive clotting factors ('TEG-ACT'). TEG needs R time plus K time (minimum 3 min TEG-ACT, maximum 13 min TEG) in order to obtain data with which to distinguish coagulation states. By contrast, our method can immediately detect differences in coagulation states induced by tissue factor (Fig. 6 ) or requires 5 min to detect the effects of prothrombotic agents such as fibrinogen (Fig. 7) . The antithrombotic agent (e.g. GPRP) effects become pronounced in 7 min (Fig. 7) .
The constant oscillatory shear that TEG, ROTEM and Sonoclot apply to a blood clot continuously disrupts the clot structure, leading to two competing processes: clotting and mechanical lysis. The trace obtained reflects the balance between these processes, with clotting dominating at early times and lysis dominating at later times. Importantly, it is unclear whether the lysis occurs in the bulk of the blood sample or at the surfaces of the pin or the cup. In contrast, our quasi-static technique is both non-contact and less destructive than the pin-and-cup methods; that is, it measures clotting throughout the blood sample without causing significant mechanical disruption. As a result, as can be seen in Figs 5, 6 and 7, our method does not artificially limit the clot firmness at some arbitrary time.
Three stages are identified in our graphical data (cf. Fig. 3D ). The transition from Stage I and Stage II occurs when the fibrin network begins to connect the surface and bulk of the blood sample, leading to acceleration of the increase in firmness. By the end of Stage II, these connections fully populate the sample volume. The transition to Stage III is the manifestation of a cross-linked fibrin network, causing both slowing of the increase in firmness and permanent deformation, as observed in Fig. 4 .
There are many improvements possible and many avenues of application open to us in the future. Of particular interest is the development of the oscillatory technique [15, 16, 19] , which allows inference of viscosity and surface tension of whole blood in the liquid state within a few seconds. As the blood coagulates, this technique will yield complementary information about firmness, while simultaneously allowing inference of energy dissipation in the solid state.
Small sample volume and non-contact rapid measurement make the proposed method well suited for perioperative monitoring of blood coagulation in patients (especially pediatric patients) with coagulation disorders such as hemophilia [24] and thrombophilia [25] , critical care patients [26] [27] [28] [29] , and patients with other diseases that cause the coagulation system to dysfunction [30] [31] [32] [33] [34] . This method could be a valuable tool for transfusion guidance and analysis of stored blood products [35] [36] [37] . The small sample volume required opens up the possibility of whole-blood coagulation analysis of small children and home-use coagulation tests for patients with manageable diseases who are on antithrombotic medication [38] . 
